Mo2(GaAuFe)C 12 .
Control of the occupancy of magnetic elements on the A rather than M sites would be crucial to tune magnetic properties. The finding of iron in the A site of Here, we demonstrate this approach to A-site alloying of Sn with Fe/Co/Ni/Mn magnetic elements to synthesize a series of magnetic MAX phases of V2(AxSn1-x)C (A=Fe, Co, Ni and Mn, or their binary/ternary/quaternary combination). The regular M2AX crystal structure of V2SnC is retained, with a mixture of two to five elements (Sn plus one or more of Fe, Co, Ni, and Mn) randomly occupying the A sites. The magnetic properties of V2(AxSn1-x)C MAX phases exhibit distinct ferromagnetic behavior that can be tailored by their constitutive elements. These results have wide-ranging implications since they not only can be used for tailoring magnetic
properties, but most importantly demonstrate the formation of multielement A layers, as an analogy to high-entropy alloys [16] [17] [18] , two-dimensional in the sense that alloying exclusively occurs in the single-atom-thick A layers, in layered transition metal carbides. To prove the generality of this methodology, we used Co, Ni, and Mn instead of Fe in the starting materials and followed the same chemical synthesis process. Figure S3 and Table S1) If two magnetic elements can be simultaneously incorporated into the MAX structure, this would offer additional prospects for tuning magnetic properties, since strong spin-electron-coupling or interaction between different magnetic elements may enhance the magnetic properties, as known from, e.g, permalloy Ni80Fe20 with high magnetic permeability. 24 For co-incorporation of Fe and Co, the XRD pattern showed that the main product is a 211 MAX phase with small amounts of byproducts of Sn, intermetallic phases (FeSn2, CoSn2) and VCx ( Figure 3a , Figure S5 ). SEM demonstrated the typical terraced laminate microstructure (Figure 3b ). From the EDS results in SEM (Figure 3c ), V, Fe, Co, Sn, and C five elements were detected in a layer-structure particle, and their relative molar proportions are 49.8, 4.2, 4.2, 16.7, and 26.1 at.%, respectively (Table S3 ). Elemental mapping of these five elements further provided evidence that Fe, Co and Sn have the same distribution ( Figure S6a ).
MAX phases containing
The molar ratio of V:(Fe+Co+Sn) is very close to 2:1, and the Sn : (Co+Fe) ratio is 2:1. Therefore, the obtained MAX phase has the formula of V2(Fe1/6Co1/6Sn2/3)C. None of these elements were detected at M site.
Following the same synthesis methodology, we also synthesized several other MAX phases with two magnetic elements on the A site, i.e., V2(FexNiySn1-x-y)C, S7 , S8, and S9 as well as Table S3 ).
Multielement A-site phases
A multielemental feature in chemical composition of a single-phase homogeneous material can generally have drastic implications for physical and chemical properties,
as realized for so-called high-entropy alloys or multi-principal element alloys. [16] [17] [18] In analogy with this materials-design strategy, we posed the hypothesis that three or even four magnetic elements could be simultaneously incorporated since all these four (Fe, Co, Ni, and Mn) elements have similar electronegativity, atomic radii and itinerary electron number. We therefore performed the same synthesis for all combinations of three of these elements ( Figure S10-S13) . In all cases, a 211 MAX phase was the main phase, with small amounts of intermetallic phases and vanadium carbides, as shown by XRD ( Figure S10a , S11a, S12a, and S13a). The corresponding EDS spectra and elemental mapping images in typical layer-structure particles identified multi-element composition of the final MAX phases ( Figure S10b -S10d, S11b-S11d, S12b-S12d, and S13b-S13d). The compositions were also determined (Table S4) , and resulting formula can be stated as V2(AxSn1-x)C, where A is a combination of three elements from Fe, Co, Ni, and Mn, and x ≈1/3. Compared with Fe on A-sites of V2(FexSn1-x)C, the magnetization with two magnetic elements on A-sites of V2(FexCoySn1-x-y)C is stronger. Therefore, it can be concluded that the magnetic properties can be tuned by adjusting the quantity and type of magnetic elements on the A sites. For an instance, the ZFC curve of V2(FexCoyNizSn1-x-y-z)C shows a gradual drop of magnetization at range of 20-400 K (Figure 6e) . The ferromagnetic-to-paramagnetic transition temperature is around 200 K (Figure 6f ). This temperature is much higher than that of V2(FexSn1-x)C and close to that of V2(FexCoySn1-x-y)C. The residual magnetization (Mr) and saturation magnetization (Ms) at 2 K of V2(FexCoyNizSn1-x-y-z)C are 0.1499 emu/g and 0.7400 emu/g, respectively, much higher than for V2(FexCoySn1-x-y)C. In V2(MnxFeyCozNinSn1-x-y-z-n)C, which contains the antiferromagnetic element Mn, both the ZFC curve (1000 Oe) and the hysteresis loops shows changes (Figure 6g and 6h, Table S11 ). The ferromagnetic-to-paramagnetic transition temperature is shifted to almost 100 K. At 2 K, the coercive force (Hc), residual magnetization (Mr) and saturation magnetization (Ms) are 320.4 Oe, 0.0471 emu/g and 0.5677 emu/g, respectively. Although the ferromagnetic properties of V2(MnxFeyCozNinSn1-x-y-z-n)C is less prominent than those of V2(FexCoyNizSn1-x-y-z)C in the range of 2-300 K, they are still much stronger than for the phases containing one or two magnetic elements.
Thus, this approach provides a route for altering the magnetic properties of MAX phases by changing the chemical composition and component.
Concluding remarks and outlook
We have demonstrated that the series of V2(AxSn1-x)C phases (A=Fe, Co, Ni and Mn, or their binary/ternary/quaternary combinations) can be synthesized by A-site element alloying, providing a generally applicable route to introduce one or more magnetic elements in A-sites and tune the resulting properties. A multielement phase V2(AxSn1-x)C (where again A is a combination of Fe, Co, Ni and Mn, and x is close to 1/3) was realized. The fact that the magnetic properties are greatly enhanced for multielement A-layers lend credence to this concept and offers a rich chemical space for discovering new materials and properties using A-site multielement alloying strategy.
Methods

Materials
Elemental powders of vanadium (~300 mesh, 99.5 wt.% purity), tin (~300 mesh, 99.5 wt.% purity), iron (1 m, 99.5 wt.% purity), cobalt (1 m, 99.5% purity), nickel
(1 m, 99.5 wt.% purity), manganese (1 m, 99.5 wt.% purity) and graphite (~300 mesh, 99.5 wt.% purity) were commercially obtained from Target The starting powders were mixed in a stoichiometric ratio of V:Sn:C:A= 2:1.1:1:0.4 (the melting point of Sn was relatively low; we increased the content of tin because of the mass loss of tin at a high temperature), and the starting powders mixed with inorganic salt (NaCl+KCl). Moreover, for their binary/ternary/quaternary combination, the starting powders were mixed in a stoichiometric ratio, the starting powders mixed with inorganic salt (NaCl+KCl). The experimental details are shown in Table S12 . After grinding for ten minutes, the starting powders mixed with inorganic salt (NaCl+KCl) were placed into an aluminum oxide boat. Then, the alumina boat was inserted into a tube furnace and heated to reaction temperature during 3 h with a heating rate of 10°C/min under an argon atmosphere. After the end of reaction, the products were washed, filtered, and dried at 40˚C in vacuum.
Computational details
All the first-principles calculations were performed using the VASP code. 25, 26 Based on the projector augmented wave (PAW) pseudopential 27 with a plane-wave cutoff energy of 500 eV, the generalized gradient approximation (GGA) as implemented by Perdew-Burke-Ernzerhof (PBE) 28 was employed for describing the exchange-correlation functional. All structures were relaxed until the force on each atom was less than 1.0×10 −3 eV, with the criterion for energy convergence set as The CALPHAD approach was applied to calculate the phase diagrams of the V-Sn-C, V-Fe-C and V-Sn-Fe-C system. Due to lack of experimental data on the ternary V-Sn-C, V-Fe-C and V-Sn-Fe-C compounds, first-principles calculations were conducted to support the CALPHAD work. 33 The formation enthalpies of the V2SnC and V2FeC ternary compounds were computed to be -146. Data availability. Essential all data generated or analyzed during this study are included in this published article (and its Supplementary Information files).
